INTRODUCTION
============

The ribosome is a gigantic macromolecular complex composed of almost 100 proteins and several RNA components. Biogenesis of the ribosome occurs in the nucleolus \[reviewed in ([@b1]--[@b4])\]; this process has been calculated to consume much of the energy of the cell ([@b5]). Maturation of the ribosomal RNA (rRNA) is assisted by ∼200 small nucleolar RNAs (snoRNAs). The vast majority of the snoRNAs direct modifications on rRNA (2′-O-ribose methylations and pseudouridylations). The function of the modifications is unknown, and the individual guide snoRNAs are not essential for cell viability.

In contrast, a few snoRNAs are essential. They are required for rRNA processing to form the mature rRNAs ([Figure 1](#fig1){ref-type="fig"}). The precursor rRNA (pre-rRNA) is cleaved to remove the external and internal transcribed spacers (ETS, ITS). About half a dozen snoRNAs are needed to form 18S rRNA in eukaryotes; the most abundant of these is U3 snoRNA. The pre-rRNA cleavage sites that require U3 snoRNA ([@b6]--[@b9]) are indicated in [Figure 1](#fig1){ref-type="fig"}. Although there are some similarities between yeast and metazoa in certain U3-dependent cleavage sites (sites A0 and A1/1), there are also some differences. First, site A′ has not been found in yeast rRNA processing. Second, cleavage at the 3′ end of 18S rRNA occurs in the nucleolus at U3-dependent site 2 in higher organisms. In contrast, in yeast this cleavage occurs in the cytoplasm at site D and it requires a protein rather than U3 ([@b10]--[@b14]). Third, it is unclear if metazoan site 3 is the counterpart of site A2 in yeast. Nonetheless, despite these differences, U3 snoRNA is essential in all organisms to form 18S rRNA.

U3 snoRNA is synthesized in the nucleoplasm ([@b15]) and travels through Cajal bodies ([@b16]--[@b18]) to the nucleolus ([@b16],[@b19]) where it functions in rRNA processing. The protein nucleolin escorts U3 snoRNP from Cajal bodies to the nucleolus ([@b17]) and is required for U3 snoRNA to dock on the ETS of pre-rRNA ([@b20],[@b21]). U3 snoRNP can be found as a 12S ribonucleoprotein monoparticle. After docking on pre-rRNA, U3 snoRNP is part of an 80--90S ribonucleoprotein complex ([@b22]--[@b25]) named the small subunit ribosomal processing complex (SSU processome). Besides nucleolin, U3 docking on pre-rRNA requires a base-pairing interaction of the single-stranded 'hinge' region of U3 snoRNA with a complementary sequence in the 5′-ETS (hereafter simply called the ETS) ([Figure 2](#fig2){ref-type="fig"}). There are two hinge regions in U3 snoRNA, and they separate domains I and II of the molecule ([Figure 2](#fig2){ref-type="fig"}). Compensatory mutations in *Xenopus* revealed that base pairing between the 3′-hinge (3′H) of U3 snoRNA and region E1 of the ETS is essential for 18S rRNA production, whereas base pairing between the 5′-hinge (5′H) of U3 with region E2 of the ETS is helpful but not essential to form 18S rRNA ([@b26]). In contrast, it is the base pairing between the 5′-hinge of U3 and the ETS that is required in yeast ([@b27]). The role if any of the 3′-hinge in yeast U3 is unknown.

Nucleolin binds to an evolutionarily conserved motif in the ETS next to the region that base pairs with the 3′-hinge of U3 snoRNA in metazoa ([@b3],[@b26]). When the 3′-hinge is mutated, U3 snoRNA still associates with the 80S SSU processome \[([@b32]); A. Borovjagin, unpublished data\], perhaps via its nucleolin-mediated association with the ETS. Nonetheless, cells with this mutation cannot direct processing to form 18S rRNA ([@b26]). Presumably, the 3′H--E1 interaction is required to properly position U3 snoRNA on the pre-rRNA substrate so that it can function in rRNA processing.

Complementary sequences exist in all eukaryotes between the U3 hinges and the ETS ([@b33]), though the actual sequences involved are not conserved. Evolutionary covariation in sequence seems to have maintained the base-pairing potential between the U3 hinges and the ETS. The species-specific sequences used for this interaction provide a potential target for a new category of antibiotics that would prevent ribosome biogenesis rather than inhibit ribosome function. RNA therapeutics (e.g. antisense oligos, ribozymes, etc.) that prevent the U3 hinge interaction with the ETS in just the pathogen but not the host would specifically prevent the formation of the pathogen\'s ribosomes without injurious side effects to the host. This approach has great potential to combat infections by eukaryotic pathogens. As a first step in the development of this approach, we describe here the requirements for base pairing as well as positioning of the U3 docking interaction on the ETS.

In the present report, we examine the structural basis for the functional interaction between the hinge region of metazoan U3 snoRNA with the ETS. We use a novel approach of compensatory base changes to alter the position of U3 snoRNA base pairing with the ETS. This strategy provides insight into the topographic requirements for base pairing between the partner molecules. Our results provide a first step toward understanding the principles of spatial organization of the complex formed during U3 snoRNA docking on pre-rRNA. The data suggest reasons for the differences in the U3 docking interaction between yeast and higher organisms acquired in the course of evolution.

MATERIALS AND METHODS
=====================

U3 snoRNA depletion-rescue and rRNA analysis
--------------------------------------------

For experiments with endogenous rather than tagged rRNA, *Xenopus laevis* stages 5 and 6 oocytes were isolated and injected with antisense oligonucleotide 39--54 to disrupt endogenous U3 snoRNA as described previously ([@b8]). Subsequently, *in vitro* transcripts of U3 were injected at a concentration of 5 ng/oocyte. When two different concentrations of U3 were injected, the 1× concentration was 2.5 ng/oocyte and the 3× concentration was 7.5 ng/oocyte. The procedures for *in vivo* labeling of rRNA synthesized after U3 snoRNA depletion, RNA isolation and analysis by gel electrophoresis were as described previously ([@b8]). Each experiment shown here was repeated two or more times, confirming the results. Moreover, two different approaches confirmed the conclusions of [Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}.

The gel lanes were scanned and quantified using Scion Image release Beta 4.0.2 (2000) software. All peaks (bands) within each lane were plotted and the intensities (areas under each peak less background) were integrated. The amount of 18S rRNA produced was calculated as its percent of the total intensity of all bands in the lane. The value for 18S rRNA produced in samples where injection restored complete base pairing between the U3 3′-hinge and E1 regions was set at 100% and the values of 18S rRNA production in the other lanes were calculated as their percentage relative to the control.

U3 snoRNA mutagenesis and synthesis
-----------------------------------

U3 snoRNA mutants were created by multi-step PCR as described previously ([@b33]). The PCR DNA products of all the U3 snoRNA mutants were gel-purified and cloned into the pT7 blue-R cloning vector (Invitrogen). DNA sequencing was used to confirm all mutations. DNA of the plasmid constructs was used to produce PCR templates for *in vitro* T7 transcription as described previously ([@b9]). Sequences of mutagenic oligonucleotides used to introduce sequence substitution mutations in U3 snoRNA can be provided upon request.

Pre-rRNA mutagenesis
--------------------

Construction of a plasmid with *Xenopus* pre-rRNA containing a tag in the 18S region has been described previously ([@b26]). Briefly, plasmid pXlr101, kindly provided by Dr Ronald Reeder, containing an entire genomic repeat of *X.laevis* rDNA was the starting material. An 8 nt tag sequence 5′-CCUCGAGU-3′ was introduced into an expansion segment of 18S rRNA (nt 284--291) by standard PCR mutagenesis. Mutations in E1 and E2 of the ETS were made by standard two-step PCR. Owing to the high GC content of the *X.laevis* ETS, PCR was performed with Failsafe PCR PreMix Selection Kit (Epicentre Technologies, Madison, WI), using the reaction mixtures G or K.

Pre-rRNA expression and Northern blot analysis of rRNA
------------------------------------------------------

Plasmid DNA carrying full size wild-type or mutated rDNA with a Pol I promoter and the 18S-tag was injected into stage 5 oocytes at a concentration of 2.5--7.5 ng/oocyte with U3 transcripts as described above. RNA from 25--50 manually isolated nuclei was analyzed by Northern blots using a probe complementary to the 18S-tag. Short wave ultraviolet light was used to visualize endogenous rRNA on the filters to confirm equal loading of RNA in the gel lanes.

The free energy (Δ*G*) of the hinge base pairing with the ETS in the wild type and various mutations was calculated using the 'two state hybridization server' application of Mfold with the default RNA and salt concentrations and temperature of 25°C \[([@b34]); [www.bioinfo.rpi.edu/applications/mfold/old/rna/form6.cgi](www.bioinfo.rpi.edu/applications/mfold/old/rna/form6.cgi)\].

RESULTS
=======

Base-pairing requirements of the 3′H--E1 duplex for 18S rRNA formation
----------------------------------------------------------------------

*Xenopus* oocytes were injected with ^32^P-UTP; nuclear RNA was isolated, and the 40S pre-rRNA and the processing intermediates that give rise to the mature 18S and 28S rRNAs were visualized by gel electrophoresis and autoradiography ([Figure 3](#fig3){ref-type="fig"}, lane 7). The amount of 40S pre-rRNA varies between oocytes, perhaps reflecting differences in the rate of cleavage. The endogenous U3 snoRNA can be disrupted by injection into the oocyte of an antisense oligonucleotide targeted to U3 snoRNA ([@b6],[@b8]). The RNA--DNA duplex is then cleaved by endogenous RNase H. In the absence of intact U3 snoRNA, mature 18S rRNA is not formed ([Figure 3](#fig3){ref-type="fig"}, lanes 3 and 8). The injected antisense oligo is not stable in the oocyte. Thus, synthetic wild-type U3 RNA can be injected subsequently to restore 18S rRNA production ([Figure 3](#fig3){ref-type="fig"}, lanes 2 and 13).

We have used mutagenesis to test the functional importance of U3 hinge--ETS base pairing. Mutation of the U3 3′-hinge inhibits 18S rRNA formation, which can be restored by compensatory mutation in region E1 of the ETS ([@b26]). This restoration indicates that it is the base pairing and not the sequences *per se* that is important. Moreover, the U3 hinge mutations do not seem to create an altered (non-functional) secondary structure of U3 snoRNA because the ETS compensatory mutations can restore 18S rRNA formation. When the 3′-hinge of U3 snoRNA is replaced by substitution **s1** (U3: 3′H-**s1**) or by substitution **s2** (U3: 3′H-**s2**), the ability of U3 to base pair with the ETS is abrogated and production of 18S rRNA is inhibited ([Figure 3](#fig3){ref-type="fig"}, lanes 1, 6 and 9). These substitutions remove all but 1 or 2 bp between the 3′-hinge of U3 snoRNA and region E1 of the ETS ([Figure 3](#fig3){ref-type="fig"}). A series of substitutions were used to elucidate the detailed base-pairing requirements for the 3′H--E1 functional interaction. The substitutions in the 3′-hinge sequence of U3 snoRNA were introduced from either its 5′ or 3′ end, replacing the wild-type nucleotides with those from the U3 3′H**s1** mutation. The negative free energy (Δ*G*) decreased concurrent with the decrease in the number of base pairs in the U3 hinge--ETS interaction ([Figure 3](#fig3){ref-type="fig"}).

When the first 2 bp on the left side of the duplex were disrupted by U3 snoRNA mutation 3′H**s1**/**5**′-2ms, only 34.1% of 18S rRNA accumulated ([Figure 3](#fig3){ref-type="fig"}, lane 4) as compared with rescue with wild type U3 ([Figure 3](#fig3){ref-type="fig"}, lane 2). The inhibition was even more pronounced for a 2 nt mismatch on the right side of the duplex that resulted in 4.8% of 18S rRNA production ([Figure 3](#fig3){ref-type="fig"}, lanes 12). Since the Δ*G* values for pairing with ETS region E1 are basically the same for each of the two nucleotide U3 mutants (−8.4 and −7.9 for the right and left side substitutions, respectively), it appears that the right side of the duplex is more important than the left. Further disruption of base pairing on the right side of the duplex almost completely blocked 18S production (∼2% remaining; [Figure 3](#fig3){ref-type="fig"}, lanes 8--11). In contrast, disruption of up to 5 bp on the left side of the 3′H--E1 duplex by mutations 3′H**s1**/**5**′-3ms, 3′H**s1**/**5**′-4ms (data not shown) or 3′H**s1**/**5**′-5ms ([Figure 3](#fig3){ref-type="fig"}, lane 5) was less inhibitory ([Figure 3](#fig3){ref-type="fig"}, lane 5: 22% of 18S rRNA was produced) than disruption of only 3 bp on the right side ([Figure 3](#fig3){ref-type="fig"}, lane 11: 2.6% of 18S rRNA produced), despite the formation of a potentially less stable duplex ([Figure 3](#fig3){ref-type="fig"}, compare lane 5 Δ*G* = −2.5 and lane 11 Δ*G* = −5.5). This reinforces the conclusion of the greater importance of the right side of the 3′H--E1 duplex.

Therefore, *in vivo* labeling with ^32^P demonstrated that as the length of the mutation in the U3 3′-hinge increased (decreasing the number of base pairs with E1 of the endogenous pre-rRNA), there was a gradual reduction in 18S rRNA production. This was more pronounced when the right side of the duplex was disrupted.

This conclusion was further supported by an alternate experimental approach where the substituted nucleotides of the same set of U3 3′-hinge mutants were now used to restore base pairing with E1 from the left or right side instead of disrupting it. This was achieved by co-injection into *Xenopus* oocytes of an expression vector carrying tagged pre-rRNA with an E1 sequence substitution (E1**s1**) in the ETS together with a set of U3 3′H substitution mutants that could base pair with E1**s1**. The 8 nt sequence substitution ('tag'), introduced into an expansion segment \[evolutionarily variable region ([@b35])\] in the 18S portion of pre-rRNA, was hybridized to a probe for Northern blots to monitor the production of tagged 18S rRNA and its precursors. The 18S tag did not interfere with rRNA processing ([@b26]).

In contrast to the previous *in vivo* labeling experiment ([Figure 3](#fig3){ref-type="fig"}), the base-pairing requirement for the 3′H--E1 interaction in the U3/plasmid co-injection experiment was studied in the absence of 5′H--E2 base pairing, which is non-essential but auxiliary in *Xenopus* ([@b26]).This was achieved by co-injecting the E2**s**/E1**s1** double mutant rDNA with U3 3′H mutants. In this set of experiments, as the number of mutated nucleotides in the 3′-hinge of U3 snoRNA increased, the length of the duplex with the E1**s1** region in the plasmid-encoded pre-rRNA also increased. In line with previous U3 depletion-rescue experiments, restoration of three or more base pairs on the right side of the duplex by U3 mutations 3′H/**3**′-3ms, 3′H/**3**′-4ms and 3′H/**3**′-5ms resulted in gradual restoration of tagged 18S rRNA production up to almost full rescue levels when 6 of the 8 bp were formed ([Figure 4](#fig4){ref-type="fig"}, lanes 6--8). On the other hand, restoration of 4 bp on the left side of the duplex was not as effective in rescuing production of tagged 18S rRNA as its counterpart mutation on the right side \[[Figure 4](#fig4){ref-type="fig"}, compare lane 2 (22%) with lane 6 (73.6%)\], although the duplexes have almost the same negative free energy (Δ*G* = −2.2 and −2.1, respectively). Similarly, restoration of 6 bp on the left side was somewhat less effective than restoration of 6 bp on the right side of the 3′H--E1 duplex \[[Figure 4](#fig4){ref-type="fig"}, compare lane 1 (84%) with lane 8 (93.5%)\]. Accumulation of 19S and 18.5S pre-rRNA intermediates also appeared in parallel with 18S rRNA restoration. The 19S and 18S rRNA intermediates are rapidly processed and are not always visible, but sometimes they can be seen even for the full length 3′H--E1 interaction.

The data obtained in both types of compensatory base change experiments are consistent. However, the absolute amount of 18S rRNA produced for similar base pairing and Δ*G* values of the U3 hinge--ETS duplex was greater for the co-injection/Northern blot experiment ([Figure 4](#fig4){ref-type="fig"}, lanes 1, 6 and 8) than for the *in vivo* labeling assay ([Figure 3](#fig3){ref-type="fig"}, lanes 12, 5 and 4, respectively), perhaps reflecting the different experimental designs. The sensitivity of the *in vivo* labeling approach ([Figure 3](#fig3){ref-type="fig"}) is lower than that of the tagged rDNA plasmid/U3 co-injection approach ([Figure 4](#fig4){ref-type="fig"}). In the former, 18S rRNA is likely only made from the 40S pre-rRNA that was transcribed after U3 was injected (4 h after the antisense oligonucleotide and ^32^P label injection), as inferred from previous work ([@b36]). Thus, the 40S and 20S pre-rRNAs that were labeled during 0--4 h will not be processed to 18S rRNA by U3 transcripts that were injected subsequently. Nonetheless, the trends in the results are the same in both approaches. They reinforce the conclusion that the ability to support a functional interaction between U3 snoRNA and pre-rRNA is determined by the number of base pairs in the 3′H--E1 duplex (its negative free energy) and, in addition, on which side of the duplex those base pairs form. The right side of the 3′-hinge of U3 (proximal to U3 domain II) that forms a duplex with region E1 of the ETS appears to be more important than the left side (distal to U3 domain II).

Having found that destabilization of the 3′H--E1 duplex impaired rRNA processing, we next analyzed the consequence of increasing the duplex stability. Mutations used for this and for other experiments are summarized in [Table 1](#tbl1){ref-type="table"}. Generally, the negative free energy (Δ*G*) increases concurrent with an increase in the number of base pairs between U3 and the ETS. The duplex potentially formed between the 3′-hinge of U3 and region E1 of the ETS rRNA is extended by 2 bp at its left boundary when U3 carries the 3′H**s2\*** substitution, which can base pair with E1**s2** of pre-rRNA ([Table 1](#tbl1){ref-type="table"}, panel f). When plasmid encoding the pre-rRNA double mutant E2**s**/E1**s~2~** (to prevent the 5′H--E2 interaction) was co-injected with transcripts from the single mutant 3′H**s2\*** of U3 snoRNA, 18S rRNA production was still mostly restored ([Figure 5](#fig5){ref-type="fig"}, compare lane 5 with lane 6). This suggests that the increase in the length of the 3′H--E1 duplex by 2 bp ([Table 1](#tbl1){ref-type="table"}, compare panel f with panel e) is not critical.

In contrast, an increase in the 3′H--E1 duplex by 9 bp compromises 18S rRNA production to 17% of its level with wild-type U3 ([Figure 5](#fig5){ref-type="fig"}, lane 11). In this case, 19 contiguous base pairs ([Table 1](#tbl1){ref-type="table"}, panel i) were created by substitution of seven bases (**s3**) directly upstream of the 3′H in U3 snoRNA. The sequence in this area of U3 snoRNA is not essential for its function in rRNA processing ([@b33]). Substitution **s3** in this non-essential region was coupled with the 3′H**s2\*** substitution in U3 and tested for its ability to restore tagged rRNA processing when co-injected with the rDNA plasmid carrying mutation E1**s2**. This double substitution increased the length of potential interaction by 9 bp and significantly stabilized the duplex (Δ*G* = −39.5), resulting in less 18S rRNA produced ([Figure 5](#fig5){ref-type="fig"}, compare lane 11 with lane 13). The data suggest that not only shortening, but also an excessive increase in length of the 3′H--E1 duplex is detrimental for rRNA processing.

18S rRNA production requires precise positioning of base pairing between the U3
-------------------------------------------------------------------------------

We next investigated whether the position of that base-pairing interaction relative to other U3 or pre-rRNA sequences is critical or not. To address this question, we created mutations that would allow the 5′-hinge of U3 snoRNA to artificially base pair with the E1 region of the ETS (instead of its normal E2 pairing partner), thus shifting the relative position of U3 base pairing with pre-rRNA toward the 5′-hinge end of the precursor ([Figure 5](#fig5){ref-type="fig"}, lane 3 schematic). To induce this artificial interaction, we injected 18S-tagged rDNA plasmid carrying the ETS mutations E2**s** and E1**s1**, neither of which can base pair with the endogenous U3 snoRNA or support rRNA processing. This plasmid was co-injected with transcripts of U3 carrying the mutation 5′H**s1**, making the 5′-hinge complementary to E1**s1** on the rDNA plasmid ([Table 1](#tbl1){ref-type="table"}, panel g). In this situation, the 5′-hinge of U3 snoRNA could base pair with region E1 rather than with its natural partner, region E2 of the ETS. As can be seen from [Figure 5](#fig5){ref-type="fig"} (lane 3), hardly any tagged 18S rRNA was formed despite the potential complementarity. Moreover, the negative free energy (Δ*G* = −10.7) was also the same as for the functional 3′H**s1**/E1**s1** (control) interaction (Δ*G* = −10.5), as listed in [Table 1](#tbl1){ref-type="table"}. This result suggests that the E1 region of the ETS needs to base pair with a specific region of U3 snoRNA. Therefore, shifting the interaction from the 3′-hinge to the 5′-hinge of U3 is not adequate to support rRNA processing.

We also carried out the converse experiment where mutations resulted in complementarity of the 3′-hinge of U3 with region E2 rather than E1 of the ETS. 18S-tagged rDNA plasmid carrying the ETS mutation E2**s**/E1**s2** was injected into oocytes together with U3 transcripts containing the mutation 3′H**s**. In this situation, 3′H**s** of U3 can only base pair with E2**s** of the ETS, rather than with its natural E1**s1** partner on mutant pre-rRNA ([Table 1](#tbl1){ref-type="table"}, panel h). In this artificial situation, the relative position of U3 base pairing on pre-rRNA is shifted toward the 3′ end of the precursor ([Figure 5](#fig5){ref-type="fig"}, lane 9 schematic). Despite the potential complementarity between U3 and the ETS of pre-rRNA, again hardly any tagged 18S rRNA was produced ([Figure 5](#fig5){ref-type="fig"}, lane 9). This result and the one above suggest that positional shifts that move the U3 interaction toward the 5′ or 3′ end of the ETS greatly impair rRNA processing and 18S rRNA formation.

We next inquired whether a less drastic change in the position of U3 base pairing with the ETS would permit rRNA processing. Since the 3′H--E1 interaction is most important and sufficient in *Xenopus*, a situation was created by mutagenesis in which the 3′H--E1 interaction was replaced by base pairing of the U3 3′-hinge with the sequences directly adjacent to region E1. For this case, the 18S-tagged rDNA plasmid containing E2**s** and E1**s2** was co-injected with transcripts of U3 containing the mutation 3′H**s3** that is complementary to ETS sequences directly adjacent to 3′ side of E1 ([Table 1](#tbl1){ref-type="table"}, panel j). Interestingly, even this slight shift in the base-pairing regions reduced the production of tagged 18S rRNA detected by Northern blot hybridization to 23.5% ([Figure 5](#fig5){ref-type="fig"}, lane 10).

A similar result was also obtained in an *in vivo* labeling experiment where the same base-pairing configuration was recapitulated by depleting endogenous U3 snoRNA and replacing it with the U3: 3′H**s3** mutant. Even though base pairing is possible between 3′H**s3** of U3 and sequences directly adjacent to region E1 of endogenous pre-rRNA, there was hardly any rescue of 18S rRNA production ([Figure 6](#fig6){ref-type="fig"}, lanes 4 and 5). In this case, unlike the plasmid co-injection/Northern blot above, the 5′H--E2 interaction can occur, but, as noted previously ([@b26]), it is not sufficient to restore 18S rRNA production. Both types of experiments demonstrate that even this slight shift in base pairing between the 3′H of U3 and sequences in the ETS has some deleterious effects.

Consequently, we investigated whether a shift in the U3 base-pairing site could be compensated by a concomitant shift in its ETS base-pairing partner. This would approximate the proper geometry of the interaction between U3 and pre-rRNA, and therefore might better rescue rRNA processing. To accomplish this, U3 transcripts carrying the **s3** substitution immediately upstream of the 3′-hinge were injected into oocytes after depletion of endogenous U3 snoRNA. The mutant U3 transcripts also carried the 3′H**s2\*** substitution which cannot base pair with wild-type E1 of the endogenous pre-rRNA ETS. However, as noted above, the **s3** sequence can base pair with the sequence directly adjacent to E1 ([Table 1](#tbl1){ref-type="table"}, panel k). Thus, although there is a shift in the U3--ETS base-pairing region, the relative position of U3 snoRNA with respect to pre-rRNA remains the same as for wild-type molecules. As a result of U3**s3**-3′H**s2**\* injection into U3-depleted oocytes, we observed a partial restoration of 18S rRNA production ([Figure 6](#fig6){ref-type="fig"}, lanes 6 and 7). In addition to the wild-type base pairing ([Figure 6](#fig6){ref-type="fig"}, lane 2), we used another control to demonstrate that the sequence directly upstream of the U3 3′-hinge that was replaced by **s3** is not important. For this purpose, we utilized U3 RNA that had wild-type sequences for both hinge--ETS interactions, but had substitution **s2** in the same position ([Table 1](#tbl1){ref-type="table"}, panel l) as substitution **s3** (directly upstream of the U3 3′-hinge). Although the **s2** sequence cannot pair significantly with the ETS (unlike the **s3** sequence), 18S rRNA is still produced ([Figure 6](#fig6){ref-type="fig"}, lane 8), because the wild-type 3′H--E1 interaction can occur, consistent with our earlier findings ([@b33]).

This study demonstrates that precise positioning of U3 snoRNA relative to pre-rRNA by means of base pairing with sequences in the ETS is critical for its ability to function in rRNA processing to produce 18S rRNA in *Xenopus*.

DISCUSSION
==========

U3 snoRNA docking on pre-rRNA
-----------------------------

Docking of U3 snoRNP on the ETS of pre-rRNA seems to promote the formation of the SSU processome. Electron microscopy of Miller spreads of transcribing rDNA suggests that the processome may be the terminal balls on nascent pre-rRNA. Mutation or depletion that prevents the U3 hinge interaction with the ETS ([@b22],[@b37]) or depletion of U3-associated proteins ([@b38],[@b39]) obliterates the terminal balls.

U3 snoRNA docking on pre-rRNA is assisted by nucleolin ([@b20]), but functional docking requires base pairing between U3 and the ETS ([@b26]). The 3′H--E1 base-pairing interaction is essential and sufficient for U3 snoRNA function in rRNA processing in *Xenopus*, whereas the 5′H--E2 interaction is auxiliary ([@b26]). The sequences involved in the 3′H--E1 interaction are not evolutionarily conserved, and base pairing is maintained in diverse organisms through sequence covariation ([@b8]). Therefore, this interaction could serve as a target for a new category of drugs to block 18S rRNA formation, thus preventing ribosome biogenesis in eukaryotic pathogens. With this in mind, we have presented data here to characterize the requirements of the 3′H--E1 interaction. There are 8 bp in the 3′H--E1 interaction in *Xenopus*, and those on the right side of the duplex appear to be more important than those on the left side. A decrease to \<6 bp impedes 18S rRNA formation, suggesting that at least 6 bp are required for stability of the duplex. We found that an increase in the length of the 3′H--E1 duplex to 10 bp can be tolerated but further increase to 19 bp hampers 18S rRNA production ([Figure 5](#fig5){ref-type="fig"}, lane 11), suggesting that the U3--ETS docking interaction (3′H--E1 base pairing) may be a transient interaction that needs to be displaced at some later point in the 18S rRNA processing pathway. Thus, increasing stability of the duplex over a certain threshold may result in slowing down its dissociation and freeze the U3 docking complex with pre-rRNA, thereby preventing subsequent U3--pre-rRNA interactions necessary for pre-rRNA cleavages and 18S formation.

After U3 snoRNA docking on the ETS, the proteins Imp3p and Imp4p stabilize the U3--hinge interaction ([@b40]). These proteins associate with Mpp10p ([@b41]). They are not found in the 12S monoparticle of U3 snoRNP, but associate with U3 snoRNP in the 80S SSU processome ([@b32],[@b42]).

An evolutionary shift in which U3 hinge--ETS interaction is more important
--------------------------------------------------------------------------

In yeast, the interaction between ETS region E2 with the U3 5′-hinge is essential for rRNA processing ([@b27]). In contrast, in metazoa, such as *Xenopus*, the essential functional interaction occurs between ETS region E1 and the U3 3′-hinge ([@b26]). Therefore, it can be deduced that the site of preferred interaction between U3 snoRNA and the ETS of pre-rRNA may have shifted during evolution. Our data suggest that correct positioning of U3 snoRNA relative to pre-rRNA is absolutely critical for U3 function in rRNA processing and may be the basis for selective evolutionary pressure favoring this shift, as discussed below. Evidence is presented here that rRNA processing cannot occur if the 5′-hinge of U3 snoRNA is forced to pair with E1 instead of E2 of the ETS, or if the 3′-hinge is artificially paired with E2 instead of E1. The interaction of the U3 hinge regions with the ETS seems important to align U3 correctly on the pre-rRNA for function in rRNA processing.

Previously, we found that insertions of 10 or 16 nt between the 3′-hinge and domain II of U3 snoRNA diminished or prevented 18S rRNA production, respectively ([@b33]). This finding suggested the importance of either the distance in U3 snoRNA between its 3′-hinge tether on the ETS (i.e. the site of 3′H--E1 base pairing) and U3 domain II and/or the position of U3 domain II relative to the pre-rRNA complex. To distinguish between these two possibilities, we designed a new set of compensatory mutations that increased the distance of U3 domain II from its base-pairing tether on pre-rRNA. The results reported here indicate that when the normally occurring interaction of the U3 3′-hinge with region E1 of the ETS was shifted to the immediately adjacent sequence by the mutation U3**s3-**3′H**s2\***, partial rescue of rRNA processing occurred ([Figure 6](#fig6){ref-type="fig"}, lanes 6 and 7). These results suggest that the distance between the tether and domain II is not absolutely essential (since some 18S rRNA processing was restored), but it may play some role (since there was only partial rescue of rRNA processing). Moreover, these results document the importance for rRNA processing of the position of U3 domain II relative to other elements of the pre-rRNA complex.

This conclusion is further supported by the result with the mutation U3:3′H**s3** which hindered 18S rRNA processing ([Figure 6](#fig6){ref-type="fig"}, lanes 4 and 5). This mutation should alter the spatial positioning of U3 domain II with respect to sequence (E1) and structural elements of the ETS but keep constant the distance from the site of 3′H--E1 base pairing (tether) to domain II. Even though the latter is preserved, little 18S rRNA was produced, showing that this feature alone is not sufficient for rRNA processing. Thus, we conclude that the number of nucleotides separating U3 domain II from its base-paired tether is not absolutely essential, though it may have some impact on the functional activity of U3 snoRNA in rRNA processing. These results may also explain why the right side (closest to U3 domain II) is more important than the left in the 3′H--E1 interaction. Our observations suggest that as the length and structure of the ETS changed during evolution, selective pressure may have acted to favor novel U3 base pairing with the ETS to maintain an optimal geometry of U3 on pre-rRNA to allow its efficient function in rRNA processing.

In addition to U3 domain II, U3 domain I also needs to be correctly positioned on the pre-rRNA by the 3′H--E1 interaction. Within domain I, certain conserved sequences (GAC element, box A′ and box A) are essential for metazoan rRNA processing ([@b9]). Our previous observations ([@b33]) suggest that the U3 hinge--ETS interaction may be maintained, while domain I engages in other interactions with pre-rRNA for 18S rRNA production (see [Figure 2](#fig2){ref-type="fig"}). It has been proposed that the evolutionarily conserved complementarity between boxes A′ and A of U3 with the 5′-most stem and loop in 18S rRNA may prevent premature pseudoknot formation in 18S rRNA ([@b29]). This chaperone-like function of U3 has been supported by results of chemical modification ([@b28]) and compensatory base changes ([@b30]) in yeast. Our data from *Xenopus* suggest that the base pairing between the U3 hinges and the ETS may be required to position U3 boxes A′ and A for base pairing with the 18S stem--loop in pre-rRNA ([Figure 2](#fig2){ref-type="fig"}).

The essential base pairing between the U3 3′-hinge and ETS E1 would allow boxes A and A′ of U3 domain I to bind to the hairpin near the 5′ end of 18S ([Figure 2](#fig2){ref-type="fig"}), as required for 18S rRNA formation ([@b9]). According to the secondary structure model of this area of *Xenopus* pre-rRNA, the 5′-most hairpin of 18S that base pairs with U3 appears to be juxtaposed with the site of U3--pre-rRNA (3′H--E1) interaction ([Figure 2](#fig2){ref-type="fig"}). In the case of the secondary structure model proposed for this area of yeast pre-rRNA ([@b31]), the 5′-most hairpin of 18S is juxtaposed instead with the 5′H--E2 interaction. This may explain the reason for the observed change in the U3 preferred binding site between lower and higher eukaryotes. Thus, the physical length of the ETS and the geometry of its folded structure may determine which of the possible sites of base pairing between the ETS and U3 snoRNA will be used as a preferred site of functional association.

Moreover, the secondary structure models for the ETS from *Xenopus* ([@b9]) and yeast ([@b31]) both show processing sites A0 and 1 (= site A1 in yeast) directly opposite one another at the base of a folded stem ([Figure 2](#fig2){ref-type="fig"}). The mechanism of site A1 selection in yeast involves measuring the distance from the hairpin at the 5′ end of 18S to the A1 cleavage site ([@b43],[@b44]). We propose that a similar measuring process may occur for the functional action of U3 snoRNA in rRNA processing. Specifically, the 3′H--E1 base pairing may position U3 at the correct distance relative to cleavage sites A0, 1 and 2 in the tertiary folded structure of pre-rRNA.

The present study of U3 hinge base pairing with the ETS may help to explain evolution of this molecular interaction and to elucidate the mechanism for U3 snoRNA-dependent formation of 18S rRNA. Moreover, understanding the details of the U3 hinge--ETS interaction serves as a platform for future drug design targeted to prevent this complex. Our data suggest that disruption of two or more base pairs of the complex, especially on the right side, should hamper ribosome production in pathogenic eukaryotes.
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![Cleavage sites in rRNA processing. Upper panel: comparison of the U3-dependent cleavage sites in yeast and *Xenopus*, which share in common site A0, site A1/1 and perhaps site A2/3. U3-dependent cleavage at sites A′ and 2 is found in metazoa but not in yeast. Lower panel: *Xenopus* pre-rRNA processing pathways. Pathways A and B differ in whether site 3 or sites A0, 1 and 2 are cleaved first. Pathways A and B can co-exist in a single cell, but some frogs just use pathway A ([@b6]). Note that the 20S intermediate is diagnostic for pathway A and the 36S intermediate is diagnostic for pathway B. Conversion of 20S to 18S occurs rapidly and the transient 19S and 18.5S intermediates are not always seen.](gki815f1){#fig1}

![U3 snoRNA interaction with the ETS. Base pairing between the 3′-hinge (3′H) of U3 snoRNA and region E1 of the pre-rRNA ETS is critical and sufficient for rRNA processing in *Xenopus*, whereas base pairing between the U3 5′-hinge (5′H) and region E2 of the ETS is auxiliary ([@b26]). In contrast, the 5′H--E2 interaction is essential in yeast and the 3′H--E1 interaction is not sufficient to support rRNA processing ([@b27]). Domain II of U3 snoRNA has many base-paired stems and binds several proteins (indicated by shading). Domain I of U3 is shown in an open configuration that can interact with the 5′ end of the 18S region of pre-rRNA ([@b9],[@b26],[@b28]). The conserved sequences comprising boxes that are conserved in U3 snoRNA from all species are indicated. Base pairing of U3 box A with the first terminal loop in 18S rRNA is thought to prevent premature pseudoknot formation ([@b29],[@b30]). The pre-rRNA cleavage sites A0 and 1 are close to one another in the proposed secondary structure of the ETS ([@b9],[@b31]).](gki815f2){#fig2}

![Base-pairing disruption of the U3 3′-hinge with ETS region E1. Intact endogenous U3 snoRNA was depleted by antisense oligonucleotide injection into oocyte nuclei. Subsequently, synthetic wild-type or mutated U3 was injected, and the restoration of 18S rRNA production was assayed by *in vivo* labeling with ^32^P-UTP, gel electrophoresis and autoradiography. The amount of 18S rRNA produced was quantified (see Materials and Methods) to normalize for any loading differences between gel lanes. Left panel: increasing disruption of base pairing at the left side of the 3′H--E1 interaction; right panel: increasing disruption of base pairing at the right side of the 3′H--E1 interaction.](gki815f3){#fig3}

![Restoration of base pairing of the U3 3′-hinge with ETS region E1. A plasmid with tagged pre-rRNA carrying mutations in ETS regions E1 and E2 was co-injected into *Xenopus* oocyte nuclei with an increasing number of substituted bases in the 3′-hinge (3′H) of U3 snoRNA. The number of base pairs between the U3 3′H and ETS region E1 required for the production of 18S rRNA was analyzed by Northern blots using a probe against the sequence tag in the 18S coding region of the injected rRNA plasmid. Less 40S pre-rRNA is seen in lanes 3 and 9 where there was complete base pairing between the U3 hinge and the ETS than in the mutations that shortened the base-pair interaction, suggesting that 40S pre-rRNA was processed more rapidly in the wild-type situation.](gki815f4){#fig4}

![18S rRNA production requires precise positioning of base pairing between the U3 hinge and the ETS. U3 snoRNA containing sequence substitutions in the hinges or flanking regions was co-injected with a plasmid containing tagged 18S rRNA and substitutions in ETS E1 or E2 (see [Table 1](#tbl1){ref-type="table"} for the sequences used). The mutated U3 hinges and mutated ETS regions E1 and E2 are indicated by open boxes, whereas the wild-type sequence for these areas is shown by a blackened box. Domain I and domain II of U3 snoRNA is marked. Shifts in the relative position of U3 relative to the pre-rRNA are denoted by an arrow. The production of tagged 18S rRNA after these treatments was assayed by Northern blots using a probe complementary to the 18S tag sequence. Internal controls are used for each panel because the rate of 40S pre-rRNA processing can vary between frogs (e.g. compare lanes 5 and 13).](gki815f5){#fig5}

![A compensatory shift in base pairing between U3 snoRNA and the ETS restores the relative position of U3 on pre-rRNA and 18S rRNA can be produced. After antisense oligonucleotide-mediated depletion of endogenous U3 snoRNA, *Xenopus* oocyte nuclei were injected with 1× or 3× amounts of synthetic transcripts of U3 carrying a sequence substitution in the 3′-hinge or the region immediately upstream to pair with the ETS of endogenous wild-type pre-rRNA. Open boxes show regions of sequence substitution, and blackened boxes show regions of wild-type sequence for the U3 hinges and for ETS region E1 and E2. The production of 18S rRNA was assayed by gel electrophoresis and autoradiography of ^32^P-UTP *in vivo* labeled RNA.](gki815f6){#fig6}

###### 

U3 hinge--ETS base pairing

  --
  --

The sequences involved in the wild-type or mutated interaction between the 5′-hinge (5′H) of U3 and region E2 of the ETS or between the 3′-hinge (3′H) of U3 and region E1 of the ETS are shown. Lower case letters depict the wild-type sequence, and capital letters indicate mutated bases. When the interaction was extended to involve flanking sequences, the positions of the U3 3′-hinge and of ETS region E1 are marked by horizontal lines. The arrow in panel (j) indicates the 8 bp shift in the U3--ETS interaction.
